A consistent quantum mechanical calculation of partial cross sections leading to different final states of antiprotonic helium atom was performed. For the four-body scattering wave function, corresponding to the initial state, as well as for the antiprotonic helium wave function, appearing in the final state, adiabatic approximations were used. Further, symmetric and non-symmetric effective charge (SEC, NEC) approximations were introduced for the two-electron wave functions in the field of the two fixed charges of the He nucleus and the antiproton. Calculations were carried out for a wide range of antiprotonic helium states and incident energies of the antiproton below the first ionization threshold of the He atom. The origin of the rich low-energy structure of certain cross sections is discussed in detail.
I. INTRODUCTION
One of the most impressive success stories of the last decade in few-body physics is the high precision experimental and theoretical studies of long lived states in antiprotonic helium (for an overview see [1] ). While the energy levels have been both measured and calculated to an extreme precision, allowing even for improvement of numerical values of fundamental physical constants, some other relevant properties of these states were studied with considerably less accuracy. Among these is the formation probability of different metastable states, characterized by total angular momentum J and "vibrational" quantum number v, in the capture reactionp
The existing calculations of the capture rates of slow antiprotons in He [2, 3, 4] are based on classical or semiclassical approaches and they mainly address the reproduction of the overall fraction (3%) of delayed annihilation events. Recent experimental results from the ASACUSA project [5] , however, yield some information on individual populations of different metastable states, and our aim is to perform a fully quantum mechanical calculation of the formation probability of different states in the capture reaction.
The exact solution of the quantum mechanical four-body problem, underlying the reaction (1) is far beyond the scope of this work, and probably also of presently available calculational possibilities. Still, we want to make a full quantum mechanical, though approximate, calculation of the above process. Full is meant in the sense that all degrees of freedom are taken explicitly into account, all the wave functions we use, are true four-body states.
II. CALCULATION METHOD
The partial cross section, leading to a specified final state (J, v) of the antiprotonic helium can be written as
where Ψ i He,K i is the exact 4-body scattering wave function corresponding to the initial state
while the final state Φ
Here r i are the vectors pointing from the helium nucleus to the i-th electron, R is the vector between He andp, and ρ i are the Jacobian coordinates of the electrons, measured from the He −p center of mass:
while µ i and µ f are the reduced masses in initial and final channels, respectively. In Eq. (3) Φ He (r 1 , r 2 ) denotes the He ground state wave function, while in Eq. (4) Φ Jv (ρ 1 , R) is the antiprotonic helium final state, for which we used a Born-Oppenheimer form [6, 7] :
where ϕ
(ρ; R) is a two-center wave function, describing the electron (ground state) motion in the field of two charges (Z 1 , Z 2 ), separated by a fixed distance R:
while χ Jv (R) is the heavy-particle relative motion wave function, corresponding to (
angular momentum J and "vibrational" quantum number v:
µ being the He −p reduced mass.
The transition potential in Eq. (2) is obviously the interaction of the emitted electron (#2) with the rest of the system:
The electron anti-symmetrization is accounted for by taking an r 1 ⇐⇒ r 2 symmetric initial state wave function (S = 0) and the factor 2 in front of the cross-section (2), reflecting the indistinguishability of emitted particles [8] .
The general expression (2) for the cross-section, leading to a specific state (J, v) can be rewritten in terms of matrix elements between angular momentum eigenstates as
with
where [ ] 
and φ K i ,l (r) denotes free states with definite angular momentum
It can be seen from Eqs. (10, 11) , that a given antiprotonic helium final state (J, v) can be formed from different total angular momentum states, depending on the orbital momentum l, carried away by the emitted electron.
The simplest way of approximate evaluation of Eq. (2) or (10) 
with σ = 27/16 taken from book [9] . In spite of the known poor quality of the Born approximation for slow collisions, due to the realistic final state wave function, we hoped to get some information at least about the relative population probabilities of different final states. These expectations were not confirmed, the Born cross-sections turned to be orders of magnitude away from the more realistic ones. The detailed results of the Born calculation can be found in [10] .
There are two basic drawbacks of the Born approximation for slow collisions and longrange forces:
-the antiproton "feels" the interaction from the He atom, it approaches, therefore, its wave function in the form of a plane wave has to be modified, -the He electrons also "feel" the approaching antiproton, the polarization of their wave functions has to be taken into account.
To meet these requirements we used an adiabatic, Born-Oppenheimer type approximation for the wave function Ψ i :
where Φ He (r 1 , r 2 ; R) is the ground state wave function of the He atom in the presence of a negative unit charge (the antiproton) at a distance R from the He nucleus:
and χ K i (R) is the antiproton scattering wave function in the adiabatic He −p potential:
In this approach the most difficult task is the solution of Eq. (14), the determination of the wave function of two interacting electrons in the field of two fixed charges. Instead of performing a cumbersome variational calculation, as e.g. in [11, 12] , we follow an approximation scheme proposed by Briggs, Greenland, and Solov'ev (BGS) [13] , according to which the solution of Eq. (14) can be sought in the form of two single-electron two-center wave functions:
and the ε(R) of Eqs. (14,15) is
In this construction the effect of the electron-electron interaction |r 1 − r 2 | −1 in Eq. (14) He atom should be reproduced:
The conditions (20) are fulfilled for
For intermediate R-s ε(R) is given by (19).
As for He wave function, the two electrons in this case are treated in a non-symmetric way, and the wave function has to be symmetrized explicitly:
There is, however, a more symmetric realization of the BGS idea: starting with the plausible requirement, that the two electrons should "see" identical effective charges: Z 11 = Z 21 , Z 22 = Z 12 we still can impose the conditions (20) for R → 0 and R → ∞, only in this case the ε(R) will be the sum of two equal single-particle energies:
For this case we get The ε(R) in this case is very similar to the previous one, maybe a little closer to the "quasiexact" variational curve. In this second case -for brevity let us call it SEC (Symmetric Effective Charge), in contrast to the NEC (Non-symmetric Effective Charge) case -the wave function is simply
The differences between electronic energies ε(R) for the NEC, SEC and variational calculations (performed by Ahlrichs et al [11] and Gibbs [12] ) are shown on Fig. 1 . It is seen that both cases reproduces the variational results remarkably well, while SEC is practically indistinguishable from the more recent of them [12] .
For both choices (22) and (24) the definite total angular momentum wave function corresponding to (13) can be written as
since the 1σ ground state two-center functions ϕ(r; R) do not carry any total angular momentum: they are eigenfunctions ofĴ 2 = (l r +L R ) 2 with zero eigenvalue, even if they are not eigenfunctions ofl (R) satisfies the equation
with the effective He −p potential
To solve Eq. (26) numerically, first, the asymptotic form of χ
(R) has to be clarified. The asymptotic behavior of the 1σ two-center energies can be written as
and thus using Eqs. (15) and (19) we get It has to be noted, that in spite of the closeness of the NEC and SEC electron energies on Fig. 1 , when we include the centrifugal term, the depth of the minima and the height of the potential barriers differ significantly (see Fig. 2 ) and this fact strongly influences the low energy capture cross sections.
According to (29) Eq. (26) has to be solved with the asymptotic condition (11) entering the formula (10) for the cross sections can be calculated by numerical integration.
III. RESULTS AND DISCUSSION
We start the discussion of our results by the remark, that the expression (11) for the matrix element M Jt J,l in our adiabatic approximation can be rewritten as
where χ Jv (R) and χ Obviously, final states with energy below the He atom ground state energy (-2.9036 a.u.) have a positive Q value, so they can be reached for arbitrary low antiproton energy. For Another remarkable feature of certain cross sections is their rich low energy structure. This is due to the repulsive barriers of the effective potentials V J t for J t ≤ 38 − 39, as seen On Fig. 6 we plotted the quantity dδ Jt (E)/dE -the so called time delay -which for isolated resonances is very similar to the more familiar Breit-Wigner cross section curve. It can be seen, that for all angular momenta J t for which the potential has a barrier, there is a narrow resonance which is correlated with a corresponding peak in the capture cross section.
A given cross section curve may contain several of these peaks, corresponding to different The dδ Jt (E)/dE plots apart from the narrow peaks corresponding to quasi-stationary states, show another, much broader peak, in some cases superposed on the narrow one.
This one is connected with specific behavior of elastic scattering when the energy is close to the potential maximum; it is called "orbiting" [14] .
The behavior of the incident antiproton wave function χ K i (R) for different energy-regimes with respect to the barrier maximum are illustrated in Fig. 7 .
Final states with higher J, for which the relevant effective potentials have no barrier show a simple energy dependence: a steep rise above the threshold and then an exponential decay for higher energies. The exponential fall of the cross sections for increasing energies is characteristic for both barrier-posessing and barrier-less potentials and is due to increasingly rapid oscillations of χ The quantum number dependence of certain cross sections is shown in Fig. 8 for some above-barrier energies, where such a comparison makes sense. the experimentally observable population numbers of different states since the initial energy distribution of the antiprotons before the capture is unknown. Even if this distribution was known, the observed and calculated population numbers could deviate due to collisional (or other) de-excitation of states in the time interval between the capture and the measurement.
Nevertheless, we plan to make calculation of primary populations taking some trial energy distributions for the antiprotons.
In the discussion of our results we deliberately did not take a stand concerning the NEC and SEC approximations. In general, the structure of both cross sections (energyand quantum number dependence) is similar, however, SEC gives considerably larger cross sections, probably due to the somewhat larger attraction of the SEC effective potentials.
We personally think, that SEC is physically more realistic, and the coincidence of SEC's electronic energies with those of recent variational calculation [12] can be seen as some confirmation for this point of view.
